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Evaluation of the cure kinetics of the wood/pMDI bondline
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Abstract

Micro-dielectric analysis (WDEA) and differential scanning calorimetry (DSC) were used to monitor cure of polymeric diphenyl-
methane diisocyanate (pMDI) resin with wood strands in a saturated steam environment. A first-order autocatalyzed kinetic model
was employed to determine kinetic parameters. The kinetics were found to follow an Arrhenius retation. A single ramp DSC technique
and pDEA produced models that predicted similar results at higher cure temperatures, but the pDEA-based model predicts a longer
cure time at low temperatures. The isothermal uDEA method yields higher activation energies and Arrhenius frequency factors than
models based on single DSC ramps. A modification to ASTM E698 was made to conform to the assumption of autocatalyzed kinetics.
The modified ASTM E698 method predicted an earlier end of cure than the pDEA-based models and was in agreement with DSC
results obtained by partial cure experiments. The activation energies and frequency factors for the different cure monitoring methods
are sensitive to different stages of cure. 2001 Elsevier Science Ltd. All rights reserved.

Keywords: B. Wood:; Polymeric isocyanate; Cure kinetics; Diclectric analysis

1. Introduction

When producing wood composites, the primary manu-
facturing objective is to minimize the time to develop
adequate mechanical strength for resisting delamination
upon opening the press. However, the wood/adhesive
system is exposed to rapidly changing conditions of pres-
sure, steam, and heat during manufacture. The pMDI
reacts with the water vapor upon exposure. The carly
part of cure 18 dominated by chain extension of pMDI
prepolymers and little is contributed to strength develop-
ment [1]. The latter stages of cure are dominated by the
development of a polymer network. During the develop-
ment of the three-dimensional network adhesive strength
also develops. The cure of the pMDI adhesive in this
system is a separate issue than the nature of the adhesive
bond. However, the bond and cure are related and simul-
taneously occurring processes. Kinetic modeling is one
means that can be used to optimize the cure process.

Controversy abounds over the exact nature of the cure
of polymeric diphenylmethane diisocyanate (pMDI) on
wood substrates produced under realistic processing en-
vironments [ 2-6]. The possible reaction products include
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polyurea, biuret/polyuret, allophanate, and polyurethane
bonds. The complex nature of the reaction makes mech-
anistic approaches to modeling extremely difficult and
favors phenomenological methods. However, phenom-
enological methods are only accurate if the test condi-
tions used to generate the kinetic data are realistic to
those in manufacturing.

Few methods used to evaluate cure can be applied in
realistic processing environments [7-9]. For pMDI-
bonded wood composites the primary challenge is to
contain and evaluate the cure in a steam environment
that is produced in hot-pressed panels. Diflerential
scanning calorimeter (DSC) and micro-dielectric analysis
(LDEA) are two methods where volatile gases can be
contained during cure evaluation. A saturated environ-
ment can be created inside the DSC pan, but mechanical
pressure cannot be applied to the sample as in manufac-
turing. Numerous studies have been conducted using
calorimetric techniques to evaluate resin cure [3,10,11].
It has been shown that the cure of pMDI in a saturated
steam environment can be monitored in situ using uDEA
[1]. The change in dielectric signal can then be applied to
a phenomenological model of cure:

do

o kf(2). (1)
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A basic rate equation (Eq. (1)) relates the rate of cure at
a constant temperature to a function (f(z)) of cure by
a constant (k), where o is the degree of cure.

The rate constant follows the Arrhenius equation

5
b

RT’

Ink=InA— (2)
where E is the activation energy, A is the Arrhenius
frequency factor, R is the ideal gas constant, and T is the
temperature. The Arrhenius {requency factor relates the
amount of collisions that need to occur in a unit time to
carry out the reaction, and the activation energy de-
scribes the amount of energy needed to propagate cure.

Two types of phenomenological kinetic models avail-
able for modeling thermosetting adhesives are nth order
and autocatalyzed [12]. The thermoset models are re-
lated to the rate equation by f(x). Reactions that have
their greatest rate of cure at the onset of the reaction are
characterized as nth order. For f(») an nth-order reaction
is described by Eq. (3), where n 1s the order of the
reaction.

Jo) = (1 —a)f 3)

In contrast, autocatalyzed kinetics is characterized by
do/dt reaching a maximum at 30-40% cure [127]. In
general, autocatalyzed reactions take the following form:

% = ko"(1 — o), 4)
where m and n sum to equal the overall reaction order.
Most commonly, a maximum rate of cure is reached at
45-55% of cure. Although this behavior does not strictly
follow the specified criteria, it certainly is more accurate
than an nth-order kinetics approach. Standardized
methods exist for evaluating kinetic parameters of nth-
order reactions (ASTM E698-79 1979). However, these
methods must be modified for autocatalyzed models
[12-14].

2. Objectives

The overall objective in modeling the cure process of
pMDI is to optimize processing parameters to shorten
pressing cycles. To optimize a process using pMDI ad-
hesives, two events must be considered in the model:
(1) the point at which the bond strength can resist pancl
delamination and (2) reduction of free isocyanate levels
for safe storage. The important association between the
chemical and mechanical properties in modeling can be
llustrated where both conditions must be satisfied.
In this case, a phenomenological approach that en-
compasses the overall process may be more useful than
a mechanistic model that may not accurately relate to
mechanical property development. To achieve this over-

all goal the specific objectives are:

1. Analytically model the cure of pMDI in a saturated

stcam environment.

Employ the use of pnDEA in evaluating cure for model

development.

3. Utlize an autocatalyzed model employing only one
rate constant.

4. Compare single and multiple ramp calorimetric
methods of modeling.

5. Relate the kinetic models to physical phenomenon.

S

4

3. Methods and materials

Aspen (Populus tremuloides) flakes were obtained and
prepared for uDEA [1]. A commercially available pMDI
was sprayed on the aspen flakes at 3,5, or 7% levels (oven
dry mass basis). The flake-pair assemblies were pressed at
isothermal temperatures of 110, 120, 130, and 140°C in
the presence of saturated steam. uDEA was performed by
a Micromet Eumetric System 111 dielectric analyzer with
an IDEX senson in order to observe the change in con-
ductivity while flake pairs were pressed in an enclosed
steam-producing press [1]. A criterion was established
for the onset and end of cure. The onset of cure was taken
as the maximum conductivity, o,,.,, and the end was
taken as the absolute minimum value of the slope to
obtain an overall change in conductivity, Ag. The min-
imum value for the slope was calculated by numerically
taking the derivative of the log a(t) curve with respect to
time. Where, the end of cure occurs when the slope is
0.01log(siemens)s . The degree of cure at a time, £, can
then be calculated by:

10g 0y — logaln)

) = log Ao ' ©)

In preparation for DSC analysis, pM DI was applied to
two aspen flakes at a 7% level. A 25-mg sample was
removed with a small hole punch from the flake pair. For
analysis, the sample was placed in a hermetically sealed,
stainless-steel DSC pan with 2 pul of distilled water to
provide enough moisture to create a saturated steam
environment. The samples were analyzed in the DSC
while they were heated from 30 to 200°C at heating rates
(f)of 1,5, 10, 15, and 20°C/min. A fresh specimen was
used for each DSC ramp. The exothermic heat genera-
tion was then measured for each ramp. The degree of cure
was calculated from the exotherm as

;c:QLI) (6)

Qo'
where Q(t) is the residual heat at time, 1 and Q, is the
total heat of reaction. Q, was calculated by numerically
integrating the power spectra with respect to time using
the trapezoidal method.
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Partial cure DSC experiments and lap-shear experi-
ments were prepared simultaneously in an enclosed
steam-producing press [1]. The samples were pressed at
a specified temperature and time to obtain 0-100% cure
as determined by dielectric analysis. A 25-mg sample was
then removed from a flake pair and prepared as discussed
above for DSC. A ramp of 20°C/min was performed and
the exothermic heat measured. The » was then calculated
as the ratio of heat generation of a partially cured sample
to that of an uncured sample at the same heating rate.
Lap-shear specimens were pulled in tension on a univer-
sal testing machine at a rate of 1.27 mm/min until failure.
Failures were noted as adhesive, cohesive, or wood fail-
ures.

An autocatalyzed kinetics model (Eq. (4)) was used for
both isothermal and ramp curing studies. The collected
data were used as input into the model to estimate kinetic
parameters in the Arrhenius relationship. By integrating
Eq. (1) comparisons were made between parameters and
results previously obtained for pMDI cure [17].

4. Results and discussion
4.1. Micro-dielectric analysis

A model of autocatalyzed kinetics was used to deter-
mine kinetic parameters of the uDEA results. Starting
with the model for autocatalyzed kinetics in Eq. (4),
a linear expression may be obtained. Assuming a first-
order reaction where m + n = 1, the equation can be
rearranged and expressed as

do/d I —u
ln<~—y/mz> = Ink + nln< J>. (7

This form can now be used to determine k and n. The
relationship of k to the cure temperature can be used to
determine Arrhenius parameters. As an alternative to this
method, the Arrhenius relation can be substituted dir-
ectly into Eq. (7) to yield

lor/d1 L 1 —«
ln<£{£w> =InA4d - T + nln< » j>. (8)

Eq. (8) can then be fit to the calculated cure with multiple

linecar regression. Because the reaction order of

m + n =1 was assumed in this derivation, an alternative
method for determining reaction orders is by finding the
maximum rate of cure. Take the derivative of Eq. (4) with
respect to (1), yielding the second derivative of % with
respect to time, and evaluate at o = o, where o, 18
the degree of cure at the maximum rate of cure,

imux = );)' (9)

Comparisons to second-order kinetics can be made by
substituting m + n = 2. Such a comparison is used to

validate the use of first-order kinetics over higher orders.
Thus Eq. (8) will be changed to

ln<d“/7d,) —Ink + nln(l - ’) (10)
o o

This will also influence the reaction order where

N m 1
Imax = 5 ( )

This result for second-order kinetics was achieved by
Lam [14].

Linear regressions were performed to compare first-
and second-order kinetics (Figs. 1 and 2). A higher
coefficient of determination (R*) was achieved for the
first-order model than second order. Only the linear
portion of the data was fit to a linear regression to
determine rate constants and reaction orders. Near the
end of cure the reaction becomes diffusion controlled,
which is not accurately represented in this model. The
values for n and m were observed to be dependent on
temperature (Fig. 3). The overall reaction order does not
change, but m and n do affect the rates of conversion (Eq.
(4)), which may have an impact on ramp cure studies.

A linear regression was performed to calculate the
Arrhenius parameters (Fig. 4 and Table 1). Integrating
Eq. (1) (Fig. 5) can facilitate a comparison between the
predicted and experimental results for cure. Although the
predicted results are close to what is experimentally ob-
served, the model predicts an earlier end of cure
then what is experimentally observed. Further, the model
is not sensitive to the resin load for the selected resin
levels. The experimentally observed differences in resin
loads arise late in cure where diffusion control likely
occurs [1].

in((de/dtyo)

-2
3
-4 T T T T . T
-8 6 4 2 0 2 4 6 8

In((1-a)o)

Fig. 1. First-order kinetic plot for 120°C isotherm and 5% pMDI with
linear regression for data obtained by uDEA.
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4.2. Multiple ramps

The ASTM E698-79 method is a very accurate and
effective method for evaluating the kinctics of thermally
unstable systems [ 12,15]. Kinetic parameters can be esti-
mated from multiple ramps with different heating rates.
For ASTM E698-79, a first-order kinetic model is fit to
the exothermic temperature peak (T,) in the DSC data.
The basis for this model is that the peak occurs at
a constant cure, o,.,, and that an nth-order reaction is
followed [147]. Both assumptions are often violated by
autocatalyzed reactions. The violations are illustrated by
the temperature dependence of #,,,, that was observed
for the ramps (Table 2). Therefore, the ASTM method
was modified to fit autocatalyzed kinetics. Starting with
first-order kinetics and Eq. (4), and considering the max-

R? = 0.956 .

In({(doudtyo?)

In{{1-a)o)

Fig. 2. Second-order kinetic plot for 120°C platens and 5% pMDI with
linear regression for data obtained by uDEA.
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[ L Lo

. do
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Using a constant heating rate (§f = d7T/d1),
[ duo (T d e
./(%’nux) = T o MCW,‘HR] dr. (13)

Jo (1 — ) Jo B

The right-hand integral can be solved considering a sub-
stitution for u = E/RT and u, = E/RT,,

) AE [expl — uy) “exp( — u)
(ax) X ~du |, (14
S omax) R ( o j . ul, (14

2o

plu) = <9Q(;_l_’9) _ fy exp( —u) du). (15)

™ u

Values for p(u) have been tabulated and for its linear
interpolation [16]. Prime [12] utilized Doyle’s solution
to obtain a hinear form for 60 = u, = 20:

Inf + f(0max) = ln<£RE> — 533 — I—R();—ff (16)
The Arrhenius parameters can be solved by plotting
In B+ Inf(otma)vs.1/T,. By following the ASTM method
for predicting activation encrgies, similar results to the
modified method can be obtained. Since the ASTM
method neglects the slight dependence of o, on temper-
ature, a modification to 4 is necessary. Prime [12] has
previously modified 4 to fit autocatalyzed kinetics,

BEEFIRT:

TS 5 ; 17
Rr[v;{_zymax + 2B%max - 3"Zr—nax - 131 ( )

Ax

where B is a stoichiometric ratio of reactants. B= 118

0.58

intercept = 0.91
slope = -3.19e-3 (1/°C)
R?=0.99

0.44 T T T
105 110 115 120

T T T Y

125 130 135 140 145

Temperature (°C)

Fig. 3. Temperature dependence of n, the reaction order, from pDEA isotherms.
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Fig. 4. Determination of Arrhenius parameters from the plot of Ink versus 1000/7 for 5% pMDI by nDEA isotherms.
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Fig. 5. Comparison of data and model generated {rom kinetic parameters determined from pDEA for 130°C.

Table 1
Arrhenius parameters obtained by pDEA isotherms at varying weight
percents of pMDI on an oven-dried wood basis

Percent pM DI E (kJ/mol) Ax10°(s™ 1

3 75.1 1500
5 65.5 73
7 82.6 3550

assumed when the quantities of reactants are mixed.
Results from the modified ASTM and modified
A methods E = 62.1kJ/mol and 4 =428x10° and
E = 601 kJ/mol and 4 = 1.927 x 10° 7', respectively.

Table 2
DSC ramps results for temperature, degree of cure, and the peak
exotherm

A(*C/min) T(°C) Fmaxt Vo) S Smay)
i 79.6 71.8 1.99
5 1054 68.9 1.93
10 118.8 68.3 1.91
[ 1263 67.1 1.89
20 134.0 673 1.89

These results produce similar results for predicting
cure (Fig. 6). The multiple ramps compare favorably with
results previously obtained for end of cure by partial cure
studies [1].
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4.3. Single temperatire ramp

Kinetic parameters can be obtained by considering
only a single temperature ramp at a specified heating
rate. Starting with Eq. (4} and the Arrhenius equation,
kinetic parameters can be estimated {from a single tem-
perature ramp:

(da/dt)

= A "Ifg‘RT. 18
1"1(] o 1)" C ( )

k =

Parameters calculated from a nonlinear regression
showed similar results for each ramp (Table 3). The
nonlinear regressions were performed for up to 80% of
cure. The parameters obtained from the individual ramps
produce similar results for all temperatures with the
exception of 1°C/min temperature ramps.

4.4. Physical interpretation of models

Cure was predicted for isothermal conditions by nu-
merically integrating Eq. (4). The results obtained from
the multiple ramp cure models and those from partial
cure studies display agreement at isothermal temper-
atures above 120°C (Fig. 6). The multiple ramp methods
utilize the maximum point on the DSC spectrum only,
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and the partial cure study was conducted by observing
the heat generated during cure as a whole. Because most
of early heat generation prior to the maximum is likely
isocyanate consumption contributing to increases in the
molecular weight of the polymer, the exothermic peak
does not represent structures or reaction products that
form late in cure. The divergence between the model and
experimental results for low-temperature cure are likely
to come from suspected morphological differences be-
tween pMDI cured at low and high temperatures [1].
The single ramp DSC techniques tend to disagree with
the partial cure experiments. However, the single ramp
technique comes close to predicting the partial cure of the
110°C isotherm and agrees more closely with uDEA
results.

Table 3
Kinetic parameters obtained from DSC ramp methods

Method/("C/min) E (kI/mol) Ax10°6"YH  n

Modified ASTM 62.1 428 0.31
Modified A4 60.1 232 0.31

1 61.3 24.2 0.52

5 553 4.00 0.51
10 55.5 3.88 0.50
15 555 396 0.49
20 55.5 4.08 0.51
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Fig. 6. Comparison of model cure predictions and partial cure DSC results for 110-140"C isotherms.
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DSC and Fourter-transform infrared spectroscopy
(FTIR) have been used to monitor the consumption of
isocyanate during cure [1]. A large reduction in isocyan-
ate peak height in the FTIR spectrum was observed prior
to the onset of cure measured by pDEA for temperatures
between 110 and 140°C. DSC partial cure experiments
produced a similar reduction in heat generation above
120°C. Therefore, the majority of the heat generated
during isothermal cure experiments conducted above
120°C was attributed to isocyanate consumption asso-
ciated with increases in the molecular weight early in cure
and not to crosslinking reactions that occur late in cure.
Differences between single and multiple ramp DSC tech-
niques for generating paramelters are not obvious, since

1 DSC techniques should be insensitive to crosslinking
reactions as demonstrated by partial cure studies. The
majority of the cure for multiple ramps occurred in the
region prior to 120°C with the exception of 15 and
20°C/min ramps (Table 2). The parameters calculated by
the single ramp methods predicted the similar values
despite the ramp rate.

A problem with the kinetic models generated by DSC
and pDEA techniques is relating results to bond strength.
A comparison between DSC and lap-shear data reveals
a lag in bond development with respect to end of cure
measured by DSC (Fig. 7). The lag becomes apparent in
a comparison of model predictions from multiple ramps
with lap-shear results. Bond strength still develops be-
yond the detectable levels of heat generation measured
by partial cure studies at higher temperatures. Bond
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strength development at higher temperatures occurs
through formation of a crosslinked network. pDEA tech-
niques can accurately predict the point during cure of
maximum shear strength because of its sensitivity to
changes in morphology (Fig. 7). However pDEA
measures a relative change in conductivity and cannot be
related to the actual strength value.

5. Conclusions

Degree of cure and rate of cure calculated from uDEA
data fit a first-order autocatalyzed kinetic model. The
end of cure calculated by the uDEA models was earlier
than that of the data. This difference maybe associated
with the reaction being diffusion controlled and that the
adhesive crystallizes late in cure. Activation energy and
frequency factors for pM D1 in a saturated steam environ-
ment as determined by nDEA were higher than those
determined by calorimetric techniques. The higher ac-
tivation energy could be associated with the formation of
long polymer chains and crosslinked networks. Kinetic
models developed from a single DSC temperature ramp
consistently were similar to pDEA at high temperatures.
Modified ASTM methods produce slightly higher activa-
tion energies, but the end of cure is predicted to be earlier.
The end of cure for the modified ASTM methods corres-
ponds closely to that observed earlier in partial cure
study. All DSC methods produced activation energies
lower than that of uDEA. This difference may indicate

1.0
08
08
04
0.2
0.0
¢
1.0 2800
b 2400
08
t- 2000
g
08 - 1000 €
04 -~ 1200 g
~ 800
02
- 400
00 v v T ]
o 25 50 75 100 125 150

Fig. 7. Comparison of model degree of cure predictions and bond lap-shear strength for 110-140°C isotherms.
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that DSC is more sensitive to the onset of cure where
amine, urca, and urethane reactions could be taking
place before network formation, and pDEA techniques
arc more sensitive to changes that occur in formation of
a three-dimensional polymer network.
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